ABSTRACT: This paper deals with the usefulness and feasibility of three-dimensional (3D) finite element analysis in geotechnical engineering practice. The usefulness of 3D analysis is illustrated through two examples. The feasibility of such analyses is then considered by reviewing some recent numerical developments, which allow large-scale analyses to be conducted using relatively modest computational means.
Introduction
Finite element analyses have been assuming an increasingly important role in the geotechnical consultant's office. However, t o date, most of the analyses conducted in geotechnical engineering practice are still restricted largely to two-dimensional (2D) analyses. Many practical geotechnical problems are inherently threedimensional (3D). This paper discusses the usefulness as well as the feasibility of three-dimensional analyses in geotechnical engineering practice. By means of several case histories, the usefulness of threedimensional analysis will first be demonstrated. The feasibility of bringing large 3D analysis within the reach of practising geotechnical engineer is then explored by considering some advances in numerical technology which allows relatively large 3D problems to be solved using desktop personal computers (PCs) within reasonable turnaround time.
Background
Research into 3D geotechnical finite element analysis started several decades ago. One of the first applications is in building excavations. This stems from the recognition that, in reality, many excavations, especially those constructed for building basements, are 3D in geometry, and significant 3D effects may arise from lateral arching of the retained soil and lateral flexure of the wall-waler systems between corners. In the last fifteen years or so, 3D analyses relating to corner effects in basement excavations have been increasingly explored in research and high-value engineering projects (e.g. Finno and Harahap, 1991; Wong and Patron, 1993; Ou and Chiou, 1993; Lee et al., 1995 , Lee et al., 1998 . All of the above studies relate to building basements and many relate in some ways to corner effects.
Apart from the above, 3D effects have also been reported in other situations. For example, soldier-piled excavations are often analysed using 2D FE analyses with properties that are averaged over a certain span of the wall. Hong et al. (2003) noted that such an approach can give rise to modelling errors in several ways. Firstly, by modelling the discrete soldier piles as a wall, a 2D analysis tends to over-predict the coupling to pile to the soil below excavation level, thereby underestimating soldier pile deflection. Secondly, the deflection of the timber lagging, which is usually larger than that of the soldier piles, is often underestimated. Thirdly, a 2D analysis cannot replicate the softening of the soil face just behind the timber lagging. In instances where the timber lagging is insufficient or its installation delayed, this softening can give rise to local collapse, which may exacerbate the ground loss and therefore ground movement. Increasing the inter-pile spacing will tend to accentuate the effects of these modelling errors.
Another instance is tunnel headings, which has been recognized for a long time to be a 3D problem. Simulation using 2D analysis often requires artificial measures to limit tunnel wall movement. All these suggest that 3D effects can manifest themselves in a wide variety of problems. Indeed, one may wonder if most problems are not only essentially 3D but do have significant 3D effects. In the sections that follow, two 125 case histories involving practical engineering scenarios will be presented to illustrate the significance of 3D effects and how 3D analyses can make a significant difference.
Long-Trench Excavation -Nicoll Highway

Background
On the 20 April 2004, at 3.30 pm, a segment of the deep excavation for the Circle Line of the Singapore Mass Rapid Transit collapsed, resulting in the collapse of the adjacent Nicoll Highway, Figure 1 . As part of the postcollapse investigation, the Land Transport Authority requested a team of researchers from the National University of Singapore to conduct a series of three-dimensional (3D) finite element (FE) analyses in order to investigate the significance of three-dimensional effects on the collapse and the events leading up to it. 
Soil Profile
The collapsed site is underlain by soils of the Kallang Formation, which is characterized by the presence of soft marine clay. Figures 2a & b show the soil profiles which was mathematically interpolated and contoured from the data of 22 boreholes. A program was written to automatically assign each element the respective soil types based on the northing and easting of the element stack and the contour grid. Figure 2 . Profiles of the interfaces of (a) the upper 5 soil layers, i.e. Fill, F1, E, UMC and E; and (b) lower 6 soil layers i.e. E, F1, F2, LMC, F2 and OA.
Overview of Analysis
The finite element analysis was conducted using Abaqus/Standard v6.3. The mesh used for the analyses is shown in Figures 3a and b . The ground domain and jet-grouted zones were modelled using 8-noded brick elements. T he struts were modelled using non-linear beam elements. Buckling of struts was modelled approximately by specifying post-buckling strain-softening behaviour. Plastic hinging was also approximately represented by non-linear moment-rotation behaviour.
Diaphragm wall panels were modelled using 4-noded plate elements. The initial Young's modulus of the plate element was adjusted to match the cracked section modulus of the wall. The non-linear momentcurvature relationship of the wall was modelled by decreasing the Young's modulus with strain. While the modulus would also reduce with pure compression and tension, computations showed that the level of pure compressive and tensile stresses would not generate such high strain levels.
Adjacent diaphragm wall plate elements were not connected by common nodes; instead they were prescribed individually separated nodes which were connected via 2-noded connectors. These connectors were used to account for the fact that there is no steel reinforcement continuity between adjacent diaphragm walls. Under normal conditions, the two n odes of each connector were constrained to undergo almost the same displacement by assigning a very high stiffness to the connector. Once the tensile force on the connector exceeded a prescribed limit, the shear and axial stiffnesses of the connector decreased to very low values, thereby simulating the break-up of the joints between adjacent diaphragm wall panels. It was felt important to model the behaviour of the wall joints because there were no global walers connecting the struts to the diaphragm walls. Individual wall panels were connected to one or two support struts by short lengths of Isections or by local walers which spanned only between one to three wall panels.
The analyses were conducted using total, rather than effective, stress formulation for two reasons. Much of the excavation was undertaken in soft, highly impermeable marine clay, which was likely to remain undrained during the four-month excavation period. Secondly, since the analysis involved a collapsed excavation, it was important to ensure that the undrained shear strength of the soft clay was accurately reflected. Finally, static analysis was found to be unable to equilibrate the large unbalanced forces generated during the collapse. The process of collapse was better simulated using dynamic simulation, wherein inertial effects could be used to equilibrate the unbalanced forces which were generated during the collapse. 
Construction Sequence
The construction sequence consisted of ten layers of excavations alternating with nine layers of strutting. Each of the first nine layers of excavation was modelled as a uniform lift. In reality, what actually took place during the early phases of excavation was unclear. For the 10 th level of excavation, information from the Land Transport Authority shows that the excavation proceeded from east to west and that the collapse occurred just after the soil at the eastern end of the excavation was removed. This was modelled in the analysis.
Comparison with Field Measurements
Figure. 4 shows the computed and measured wall deflection at the last stage of excavation shortly before the 127 collapse. The computed deflection was taken from strut sections S333 to S337 within the collapsed zone. The measured wall deflection was obtained from two inclinometers designated I104 and I65 just behind the south and north walls, respectively, in the vicinity of strut section S335. As can be seen, considering the number of uncertainties and unknowns involved in the modeling of this problem, the computed deflection profiles, in particular the magnitudes of the maximum wall deflection, are in good agreement with the measured profile. For the north wall, the depth of maximum wall deflection is also in remarkably good agreement with the measured depth. For the south wall, the computed depth is higher than the measured depth by about 5m. This may be attributed to the strength and/or the thickness of the jet grout layer at the location of the south wall. Figure 5 shows the development of wall deflection during the excavation and collapse, viewed from the eastern (i.e. circular shaft) end of the excavation. As can be seen, up to the 10 th level of excavation, the wall deflection remains reasonably small. On the other hand, the development of large wall deflection after the 10 th level of excavation was relatively rapid. In both the north and south walls, the zone of large deflection initiates from the bottom of the excavation and near to but not exactly at, the eastern end of the excavation, between strut sections S333 and S337. This is consistent with eye-witness accounts which suggest that visible failure of the strutting appeared to initiate from the section S335, level 9 strut.
Collapse Behaviour
As the collapse progresses, the diaphragm wall panels start to break-up at the wall-to-wall joints. The breakup starts with the south wall joints first. This can be readily explained by the development of circumferential tensile stresses in the wall as the latter deflects. Both the north and south wall alignments are curvilinear. As the south wall deflects into the excavation, the radius of curvature of the wall alignment also increases, thereby giving rise to tensile strains along the wall lines. Such tensile strains are not uniformly distributed; since the joints are weaker and more flexible than the wall panels, tensile strains will tend to localize at the wall joints. If the tensile strains are sufficiently large, they will precipitate break-up of the joints.
On the other hand, as the north wall deflects into the excavation, the radius of curvature decreases, thereby giving rise to compressive strains along the wall lines. Since the wall panels are being forced together, breakup cannot readily occur. The difference in the circumferential action of the north and south walls also explains why the south wall deflects much more than the north wall just prior to collapse, Figure 4 . The failure of the vertical wall-to-wall joints is also evident from Figure 1 . The development of circumferential tension and compression in the south and north walls, respectively, is a three-dimensional effect which could not have been manifested in a two-dimensional plane strain analysis. At later stages of the collapse, the north wall joints also open up due to the effects of local curvature and deflected shape, which arises from "snap-through" of the north wall. Strut buckling initiates from the zone of largest deflection and spreads laterally eastwards and westwards. Towards the end of the analysis, the failure zone has propagated vertically to the top level of struts and laterally westward to strut section S321. At this point, the computation could no longer be continued.
As Figure 5 shows, the wall deflection at this eastern end is already higher than that at other zones within the modeled domain, well before the level 10 excavation takes place. The higher wall deflection at this segment can be attributed to the thicker layer of soft marine clay at this end of the excavation and the possible presence of a weak jet grouted zone beneath the 66kV cable alignment. This implies that in-situ ground conditions, and possibly conditions arising from the jet grouting, is likely to have pre-disposed the excavation in this segment to collapse. To start the last level of excavation from the section with the most adverse site condition is, on hindsight, a construction error.
The break-up of the wall joints prevented significant re-distribution of the strut loads prior to buckling of the struts, which might have been possible if a competent waler system had been in place. Arching in soft soil conditions is not an effective means of re-distributing strut loads as it requires large ground deformation to take place.
Excavation-Pile Interaction -Common Services Tunnel
Background
The Common Services Tunnel (CST) is being built to accommodate services in the Marina Bay area in Singapore. It is being constructed by cut-and-cover approach, which involves excavating a deep trench into the ground. The depth of the excavation varies from about 10m to 28m below ground surface. The temporary earth retaining system used is a combination of soldier piles and sheet piles. Bored piles are also pre-driven into the excavation area to support the CST when the latter is casted. 3D analyses were conducted to study the additional bending moments and uplift forces exerted on these bored piles by soil movement in the excavation.
Site Conditions
The CST is located in reclaimed land overlying soft marine clay. Owing to the limited number of boreholes available at this location, the spatial variation in stratification cannot be deduced and was not used in this study. The width of the trench excavation was about 20m and the depth to final formation level was about 19m at the studied location. The trench excavation was supported by continuous sheet piles (on the retained side) installed back-to-back with a row of soldier piles (on the excavation side). The sheet piles were driven down to a depth of about 24.8m below ground surface. The soldier piles were spaced 800mm centre-to-centre and driven to a depth of about 37.5m below ground surface. The soldier piles and sheet piles were supported by cross-struts and walers.
Finite Element Model
A commercial software, GEOFEA, was used for this study because trials indicated that its iterative solver allows the analysis to be conducted much faster than ABAQUS, the speed-up ratio being of the order of 3 to 10 times. As shown in Figure 6 , the ground domain was represented by 20-noded brick elements with pore pressure degrees-of-freedom, which allowed fully-coupled analyses to be conducted. The ground surface was assumed to be flat; this being reasonable considering the fact that the terrain at this reclaimed site is relatively flat.
The sheet pile wall was modelled using reduced integration brick elements to enhance its ability to model bending (Hong et al. 2003) . Pore pressure degrees-of-freedom were not incorporated into the sheet pile wall. This effectively models the sheet pile wall as an impermeable wall. Above the toe of the sheet piles, the bending stiffness of the soldier piles is smeared and added onto that of the sheet piles.
Beam elements were used to model the soldier pile segments below the toes of the sheet piles, as well as walers and struts. Six bored piles are modelled within the trench excavation following the layout in the field. The bored piles within the excavation were modelled using reduced integration brick elements without pore pressure degrees-of-freedom. Figure 7 shows the typical deflection and bending moment profiles of three bored piles in the excavation area, after excavation to formation level. As can be seen, pile deflection is largest at the top and decreases monotonically with depth, reaching zero at the stiff stratum. The bending moment profiles reflect the deflection profiles with positive bending moment at the top due to the coupling of the heaving jet grout layer and the deflected pile. Below that, the bending moment is generally negative and is due to the deflection of the pile relative to the stiff stratum. This suggests that the piles behave much as fixed-ended beams, with the stiff stratum and the jet grout acting as fixed ends. The piles nearest to the wall were subjected to the largest bending moment whereas the furthest piles were subjected to smallest bending moment. As shown in Figure 8 , the uplift tensile force is more uniform.
Bored Pile Displacement, Bending Moment and Tension Profiles
Parametric studies showed that the main factor affecting the bending moment and tensile force is the bond strength between jet grout and pile. Increasing the bond strength increases the tensile force on the piles but suppresses the heave and limits the lateral movement and thereby the bending moment. Reducing the bond strength has the opposite effect.
Usefulness of 3D Analyses
In many practical engineering scenarios, 3D effects are not only significant, but they may also be subtle. For instance, in the case of the Nicoll Highway, only 2D plane strain finite element analyses were conducted prior to the collapse. Circumferential compression-tension effects in the wall line were only highlighted by 3D analysis post-collapse. One may thus wonder if the large-scale global nature of the collapse could have been prevented if 3D analyses had been conducted and a set of competent global walers put into place to enable better load redistribution. In addition, the 3D analyses would have drawn attention to the criticality of the eastern end of the excavation, which might have prompted a rethink on the wisdom of starting the excavation at the most critical location.
The second example highlighted the usefulness of 3D analysis in what is becoming an increasingly common problem in urban underground construction works. The 3D nature of such problems has long been recognised, however, software and hardware limitations have, in the past, prevented 3D analyses. Instead, techniques such as "smearing" the piles into pile-walls have been widely used in numerous 2D plane strain analyses. These cannot possibly provide reliable values of pile displacement and loadings for engineering purposes. The use of 3D analyses will allow such problems to be analysed as what they really are.
Feasibility of Conducting 3D Analyses in Engineering Practice
3D analyses have, in the past, been hampered by software and hardware limitations. On the hardware side, desktop PCs had limited memory and speed and could not deal readily with large 3D problems. This problem is being resolved gradually as hardware improves over time. In parallel with this are recent improvements to finite element algorithms. Notable amongst these improvements are developments of Krylov subspace iterative methods such as the preconditioned conjugate (PCG) and quasi-minimal residual (QMR) methods. Lim (2004) conducted benchmark tests to compare the performance of the element-by-element (EBE) based PCG and QMR algorithms with a frontal algorithm using a single lined-tunnel mesh and a twin lined tunnel mesh respectively. His results show that, in general, smaller 3D problems are more efficiently solved using direct solution algorithm, due to the smaller number of operations which a direct solution algorithm typically requires to obtain the solution. For larger 3-D problems, Krylov-subspace iterative methods may be more efficient compared to the frontal solver. The breakeven size is not fixed and depends upon the computer, the problem type as well as the detailed implementations of the algorithms. For each problem size, the drained cases are usually computed faster than the consolidation cases followed by the undrained cases. In contrast, the performance of direct solvers is relatively independent of the conditioning of the problem, although the accuracy of their solutions may degrade. For this reason, the breakeven size of the problem also depends upon the type of problem. Well-conditioned problems tend to breakeven at a smaller problem size than illconditioned problems. EBE iterative methods have the additional advantage that they tend to use much less memory than direct solvers since they do not require assembly of the global stiffness matrix. For this reason, they can potentially solve much larger problems than direct algorithms.
Recent developments in iterative solution algorithms have further enhanced the performance of iterative solution algorithms. One strand in this development which is taking place at the National University of Singapore is a re-coding of the iterative solver subroutines to take advantage of the multi-core architecture of modern personal computers. Preliminary results show that, with both the Core2 Duo and Core2 Quad CPUs, significant speed-ups can be achieved by hyperthreading. For smaller problems having ~10,000 to ~50,000 degrees-of-freedom, the speed-up achievable with hyperthreading is roughly proportional to the number of cores in the computer. For larger problems, the speed-up is less than proportional to the number of cores. This is probably attributable to the capacity of the front-side bus speed. Whatever is the cause, hyperthreading clearly imposes greater demands on the data transmission system. Comparison with ABAQUS6.7 (64 bits) showed that ABAQUS and the hyperthreaded PCG algorithm give similar timings. However, for the larger problems, the hyperthreaded PCG algorithm is faster by a factor of about 4.
Further developments are also underway to enable very large-scale parallel computation to be conducted using PC clusters. At the National University of Singapore is being implemented on a network of Core2 Quad personal computers connected using Myricom 10Gbps high-speed switch. The code is derived by incorporating message passing interface (MPI) technology into the hyperthreaded GEOFEA code described above. The entire finite element mesh was decomposed into sub-domains, each of which is dealt with by a computer using PCG algorithm. Data passing between sub-domains is achieved using MPI. Several modes of computation are possible. In one mode, each PC deals with one process using several threads, with all threads sharing a common memory. In another mode, each PC deals with several processes without multithreading. Different processes within the same computer use different memories and communication is effected through MPI. The first mode is, in principle, more efficient. In practice, this is found to be so only for smaller problem sizes of a few hundred degrees-of-freedom. The second mode was found to be faster for larger problem sizes. This is attributable to the fact that sharing memory makes greater demands on the cache and front-side bus. For the larger problems, this may overload the data transmission system, resulting in a slowing down of the various threads. Thus, depending upon the performance of the hardware, judicious use of the right parallelization technique is necessary to achieve optimal performance.
Conclusions
One of current challenges for finite elements is to become a relevant analytical tool for the practising engineers. In order to do this, finite element analysis has to produce realistic and reliable results for real engineering problems. In many cases, 2D idealizations of what are essentially 3D problems may not produce reliable results. Whereas highly realistic 3D analyses might not have been within the reach of the practising geotechnical engineer in the past, developments in numerical technology are changing this situation and bringing realistic 3D analysis within the reach of the practising engineer. This aim of this paper is to highlight some of these recent numerical developments and to make a call to engineers to start exploiting this technological developments.
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